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A S S O C I A T I O N S T U D I E S A R T I C L E

Identification of novel loci affecting circulating

chromogranins and related peptides
Beben Benyamin1,2, Adam X. Maihofer3, Andrew J. Schork4, Bruce A.
Hamilton5, Fangwen Rao5, Geert W. Schmid-Schönbein6, Kuixing Zhang5,
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Vivian Y. Hook5, Zhiyun Wei5, Grant W. Montgomery2, Nicholas G. Martin2,
Caroline M. Nievergelt3, John B. Whitfield2,* and Daniel T O’Connor5,†
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Abstract
Chromogranins are pro-hormone secretory proteins released from neuroendocrine cells, with effects on control of blood
pressure. We conducted a genome-wide association study for plasma catestatin, the catecholamine release inhibitory peptide
derived from chromogranin A (CHGA), and other CHGA- or chromogranin B (CHGB)-related peptides, in 545 US and 1252
Australian subjects. This identified loci on chromosomes 4q35 and 5q34 affecting catestatin concentration (P¼3.40 � 10�30

for rs4253311 and 1.85 � 10�19 for rs2731672, respectively). Genes in these regions include the proteolytic enzymes kallikrein
(KLKB1) and Factor XII (F12). In chromaffin cells, CHGA and KLKB1 proteins co-localized in catecholamine storage granules. In
vitro, kallikrein cleaved recombinant human CHGA to catestatin, verified by mass spectrometry. The peptide identified from
this digestion (CHGA360–373) selectively inhibited nicotinic cholinergic stimulated catecholamine release from chromaffin
cells. A proteolytic cascade involving kallikrein and Factor XII cleaves chromogranins to active compounds both in vivo and
in vitro.

Introduction
The chromogranin/secretogranin pro-hormone family (1,2) con-
stitutes a source of active peptides with a spectrum of biological
activities, including the catecholamine release inhibitory frag-
ment catestatin derived from chromogranin A (CHGA) and a
peptide with similar activity derived from chromogranin B

(CHGB) (3). CHGA plays a necessary role in the formation of cate-
cholamine storage vesicles, and its absence results in unregu-
lated release of vesicle contents, including catecholamines,
both in vivo (4) and in cultured cells (5). Targeted ablation of the
Chga locus in the mouse results in higher blood pressure (4) and
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increased fat deposition (6), which can be reversed by adminis-
tration of catestatin. Catestatin, and other CHGA-derived pep-
tides, may provide cardioprotection following ischaemia
through activation of nitrous oxide pathways (7–10), and non-
cardiovascular functions or associations of CHGA and related
peptides have also been reported (11,12).

Because the catestatin fragment of CHGA exerts both anti-
hypertensive (4) and vasodilatory (13) actions in vivo, we have
studied genetic influences on human plasma catestatin con-
centration, beginning with genome wide linkage in two cohorts
of twins and sibling pairs in the USA and Australia. We previ-
ously found genetic linkage evidence for a locus on chromo-
some 4q (14), but the wide confidence interval for this method
precluded identification of the causative gene. We have now
turned to genome-wide association analysis (GWAS) through
SNP genotyping. Our results show an effect of variation in pre-
viously unsuspected regions of chromosomes 4q35 and 5q34
on the catestatin trait. These regions contain genes for the pro-
teases KLKB1 (kallikrein B, plasma (Fletcher factor) 1; EC
3.4.21.34) and F12 (coagulation factor XII (Hageman factor), EC
3.4.21.38), suggesting an enzymatic cascade, F12 ! KLKB1, for
proteolytic activation of peptides derived from CHGA and
CHGB. Following from this, we have characterized a product of
CHGA digestion by kallikrein as catestatin and shown its func-
tional activity.

Results
GWAS: effects of the KLKB1 locus on chromosome 4q35
on CHGA- and CHGB-related peptide concentrations

Significant allelic associations were found in the UCSD and
QIMR cohorts, and confirmed in a meta-analysis of the two
datasets. These are summarized in Table 1 and Fig. 1.

The catestatin trait (epitope: CHGA361–372) was initially evalu-
ated in the UCSD subjects, and a significant association was
found on chromosome 4q. Local analysis of this region posi-
tioned the peak association within a linkage disequilibrium (LD)
block of �100 kbp, centred on KLKB1 (Table 1, Fig. 2,
Supplementary Material, Fig. S1). The most significant SNP was

rs4253311 (P¼ 5.65 � 10�13), with a group of five other SNPs
showing P< 10�12 (see Supplementary Material, Table S2). One
of the SNPs with substantial effects on catestatin concentration
(P¼ 1.10 � 10�12) is the non-synonymous coding variant
rs3733402, Asn124Ser. As discussed below, there is reason to be-
lieve that this variant affects the enzymatic activity of
kallikrein.

We checked for documented effects of SNPs in this region on
KLKB1 gene expression, and found multiple SNPs with highly
significant effects on KLKB1 expression (Supplementary
Material, Fig. S2). However, the SNPs with strong effects on gene
expression showed only weak effects on plasma catestatin con-
centration, and vice versa, contrary to the hypothesis that the al-
lelic associations with catestatin concentration are mediated
through effects on KLKB1 expression.

Figure 1. Discovery of novel loci on chromosome 4q35 (KLKB1, Fletcher factor)

and chromosome 5 (F12, Hageman factor) that influence plasma concentrations

of CHGA fragments. Results from meta-analysis of UCSD and QIMR GWAS re-

sults for CHGA 361–372 (catestatin).

Table 1. Summary of allelic effects at KLKB1 and F12 on circulating chromogranin A (CHGA) and B (CHGB) fragments, showing results for the
lead SNPs at the chromosome 4 and 5 loci for the UCSD and QIMR cohorts and results from meta-analysis.

SNP Chr BP (Build 37) Gene Phenotype Subjects A1/A2 Freq A1 Beta SE beta P-value p Meta p Het

rs4253311 4 187,174,683 KLKB1 CHGA 361–372 UCSD G/A 0.501 0.439 0.065 5.65 � 10�13 3.40 � 10�30 0.347
CHGA 361–372 QIMR G/A 0.511 0.447 0.047 9.07 � 10�22

CHGA 116–439 UCSD G/A 0.501 �0.205 0.066 0.0014 0.0011 0.346
CHGA 116–439 QIMR G/A 0.511 �0.116 0.060 0.054
CHGA 116–130 UCSD G/A 0.501 �0.030 0.088 0.820 – –
CHGB 312–331 UCSD G/A 0.501 0.029 0.066 0.555 – –
CHGB 439–451 UCSD G/A 0.501 0.331 0.071 1.45 � 10�6 1.39 � 10�7 0.044
CHGB 439–451 QIMR G/A 0.511 0.156 0.046 6.5 � 10�4

CHGB 568–577 UCSD G/A 0.501 0.642 0.089 1.53 � 10�12 – –
rs2731672 5 176,842,474 F12 CHGA 361–372 UCSD C/T 0.759 0.327 0.075 7.35 � 10�6 1.85 � 10�19 0.038

CHGA 361–372 QIMR C/T 0.747 0.462 0.056 8.58 � 10�17

CHGA 116–439 UCSD C/T 0.759 �0.180 0.074 0.016 0.0022 0.843
CHGA 116–439 QIMR C/T 0.747 �0.158 0.073 0.031
CHGA 116–130 UCSD C/T 0.759 0.190 0.106 0.095 – –
CHGB 312–331 UCSD C/T 0.759 0.058 0.081 0.437 – –
CHGB 439–451 UCSD C/T 0.759 0.252 0.087 0.0034 2.93 � 10�4 0.278
CHGB 439–451 QIMR C/T 0.747 0.138 0.054 0.011
CHGB 568–577 UCSD C/T 0.759 0.464 0.107 2.70 � 10�5 – –
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Two other regions, on chromosomes 1 and 6, showed signifi-
cant SNP associations with catestatin in the UCSD data. The
lead SNPs were rs12127550 (P¼ 2.36� 10�8) and rs7771424
(P¼ 4.51� 10�8), respectively, but the minor allele frequencies of
these SNPs are less than 1% and therefore they did not survive
quality control procedures in the QIMR data. There were no sig-
nificant associations in regions containing genes for other en-
zymes known to cleave CHGA, such as prohormone convertases
PCSK1 (chromosome 5q15) and PCSK2 (chromosome 20p11), FUR
(furin, chromosome 15q25), cathepsin L (CTSL on chromosome
9q21), or plasmin (PLG, chromosome 6q26).

We also measured a CHGB proteolytic fragment, using an as-
say directed against the epitope human CHGB568–577, and found
that SNPs at the chromosome 4 locus had a strong effect (P¼ 1.53
� 10�12 at rs4253311) on plasma concentration of this fragment
(Table 1, Supplementary Material, Fig. S3). Once again, the peak
centred on KLKB1. This locus did not have genome-wide-
significant effects on the other chromogranin-related peptides
measured (see Table 1) but a near-significant effect was detected
in the meta-analysis for CHGB439–451 (P¼ 7.21� 10�8 for rs2048).

In the QIMR twin-family cohort, the lead SNP rs4253311 was
also significantly associated with the plasma concentrations of cat-
estatin (CHGA361–372 P¼ 9.07 � 10�22). For CHGA116–439 the associa-
tion P-value was 0.054, and for CHGB439–451 P¼ 6.5� 10�4 (Table 1).

Discovery of a second locus on chromosome 5q34
centred on the protease F12

The larger number of subjects (n¼ 1267) in the QIMR sample re-
vealed a second locus on chromosome 5q34 (Table 1, Fig. 1,

Supplementary Material, Fig. S4), centred on an LD block con-
taining the gene encoding the protease F12 (Hageman Factor;
see Fig. 2). The peak association (P¼ 8.58 � 10�17) for catestatin
was in the F12 promoter region, at rs2731672. Re-examination of
the UCSD twins’ data confirmed this finding (P¼ 7.35 � 10�6 for
rs2731672, pmeta¼ 6.27 � 10�19).

Proportion of variance explained

The proportion of phenotypic variance in plasma catestatin
concentration explained by the lead SNP at the chromosome 4
KLKB1 locus (rs4253311) was 12.8% in the UCSD subjects and
9.9% in the QIMR subjects. At the chromosome 5 F12 locus the
proportions were 5.1% and 8.0%, respectively. When the effects
of the peak SNPs at KLKB1 or F12 were controlled for in a sepa-
rate analysis, no independent effects of other SNPs at these loci
were found.

Functional variation at KLKB1 and F12

Functional genetic variation is already understood at both
KLKB1 and F12. At KLKB1 Asn124Ser (rs3733402), serine at posi-
tion 124 results in diminished substrate binding. This variant
was in near-complete linkage disequilibrium with eight other
SNPs which showed the strongest, and almost identical, allelic
association results. This non-synonymous variant is within the
substrate-binding (or ‘apple’) domain, in which the Ser allele is
known to impair substrate binding by this enzyme (15). Inter-
species sequence alignment in primates indicates that the local
region is highly conserved; indeed, all primates except humans
are monomorphic for the Asn allele. We note the directionally
coordinate effects of Asn124Ser on both catestatin/CHGA361–372

and CHGB568–577. Effects of Asn124Ser on concentration of a sec-
ond CHGB fragment, assayed by the CHGB439–451 epitope, were
also substantial (P¼ 1.45 � 10�6). As predicted, the relatively in-
active Ser allele of the enzyme (15) was associated with lower
formation of both CHGA and CHGB fragments . We also ob-
served reciprocal effects of KLKB1 SNPs on concentrations of the
CHGA116–439 precursor and catestatin (Table 1), further suggest-
ing a differential effect of the enzyme’s alleles on CHGA cleav-
age to its catestatin product.

At the other significant locus, at F12 in 5’-UTR C46T
(rs1801020, pmeta¼ 1.82 � 10�16), the T-allele creates an alterna-
tive translational start codon, thereby diminishing formation of
the Factor XII protein (16).

Subcellular co-localization of CHGA and KLKB1

Co-immunostaining revealed both CHGA and KLKB1 proteins
within chromaffin cells, with immunoreactivity clustered just
beneath the plasma membrane (Fig. 3), a location typical for
docked secretory granules (catecholamine storage vesicles, or
chromaffin granules). Optical overlap of the two probes (CHGA
in red, KLKB1 in green) revealed substantial co-localization (co-
efficient¼ 0.67), as evidenced by the resulting yellow absor-
bance. Substantial overlap was noted on both shallow x/y
sections, and deeper (3D, x/y/z) sections.

Generation of active catestatin peptide by KLKB1
digestion of human CHGA

To understand how KLKB1 variation might influence catestatin
concentration, recombinant human CHGA was digested in vitro
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Figure 2. Regional plots for the chromosome 4 and chromosome 5 loci; com-

bined data from UCSD and QIMR for CHGA 361–372 (catestatin).
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by active human kallikrein (purified from human plasma), after
which tandem mass spectrometry (MS/MS) revealed post-Arg
cleavage yielding a 1548.5 m/z fragment containing the
catestatin-region sequence R#A360RAYGFRGPGPQLR373#R
(CHGA360–373; Supplementary Material, Fig. S5). We therefore
synthesized this peptide (RAYGFRGPGPQLR), and tested it on
catecholamine secretion, in comparison with the customary
longer catestatin sequence CHGA352–372 (Fig. 4). Each of the pep-
tides effectively inhibited catecholamine secretion when trig-
gered by the physiological (nicotinic cholinergic) pathway, with
similar potency, but did not affect secretion in response to
membrane depolarization. Thus, each of the two peptides ex-
hibited the typical pharmacological actions of catestatin.

Differential regulation of CHGA and KLKB1 in rodent
models of hereditary hypertension

We examined the potential for differential adrenal mRNA ex-
pression of Chga and Klkb1 in two rodent models of human es-
sential hypertension: the mouse BPH (versus BPL) model and
the rat SHR (versus WKY) model (Fig. 5). In the mouse BPH, Chga
(though not Klkb1) was over-expressed, while in the rat SHR,
Klkb1 (though not Chga) was under-expressed. F12 mRNA was
also expressed in mouse BPH/BPL adrenal glands, without dif-
ference by strain. F12 was not included on the rat SHR/WKY
transcriptome chip.

Discussion
When triggered by the physiological nicotinic cholinergic path-
way, the catestatin peptide derived from CHGA (CHGA352–372) is
a potent and specific antagonist of catecholamine release (17).
When administered intravenously, catestatin reverses the pro-
found hypertension of Chga deficiency in a knockout mouse
model (4), and dilates human veins in vivo (13). Genetic variation
within the catestatin motif also perturbs human autonomic
function and blood pressure in vivo (18). Catestatin, and other
CHGA-derived peptides, may provide cardioprotection following
ischaemia (7–10). Given these diverse effects on the vasculature,
we sought genetic determinants of the formation and secretion

of catestatin, employing a genome wide association design.
From this, we discovered a novel influence on the processing of
chromogranins: genetic variation at the protease KLKB1 (plasma
kallikrein) locus, which encodes an enzyme mainly known for
its roles in coagulation and allergy. Identification of a second
significant association at the protease F12 (Factor XII) locus im-
plicates a cascade of enzymatic events (F12!KLKB1) leading to
catestatin formation (Fig. 6). These variants account for a high
proportion (around 15% to 20%) of the phenotypic variation in

Figure 3. Sub-cellular co-localization of CHGA and KLKB1 in catecholamine storage vesicles of chromaffin cells. Experiments were conducted in PC12 cells, with

immuno-staining of KLKB1 (green conjugate) and CHGA (red conjugate). A series of x/y optical sections along z-axis were acquired with increments of 0.2 mm. Data

were processed to generate pseudo-three-dimensional (3D) or representative x/y sections. Co-localization of KLKB1 (green) and CHGA (red) was shown by yellow fluo-

rescence, with a Pearson coefficient of overlap¼0.67.

Figure 4. Catestatin derived by KLKB1 digestion of recombinant human CHGA:

Synthesis potency and selective effects on catecholamine secretion triggered by

the nicotinic cholinergic pathway in chromaffin cells. PC12 cells were labelled

with [3H]-norepinephrine and then incubated with either 60 mM nicotine, or

55 mM KCl (for membrane depolarization), or vehicle. Secretory stimulation oc-

curred either alone or in combination with ascending doses (0.1, 1 and 10 mM) of

each catestatin peptide, either the KLKB1-derived (and then synthesized) ver-

sion ARAYGFRGPGPQLR (hCgA360–373), or the usual longer version (hCgA352–372).

Control (100%) net norepinephrine release represents the release in the presence

of nicotine or KCl (without inhibitor).
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circulating catestatin concentration, and assuming heritability
of 40–60% for plasma catestatin concentration (14) the KLKB1
and F12 variants account for a third to half of genetic variation.

After discovery of the effects of variation in the KLKB1 and
F12 genes on plasma catestatin concentration, we went on to
confirm that catestatin is produced by the action of kallikrein
on chromogranin A. Our functional studies have confirmed the
structure and pharmacological activity of the catestatin peptide
produced by this mechanism.

The GWAS results should be seen in the context of proteo-
lytic processing of pre-hormones to active forms, as the com-
bined action of kallikrein and Factor XII is known to produce
other bioactive peptides. Factor XII activates prokallikrein to
kallikrein, which in turn activates Factor XII. This sequence of
events was first established for the intrinsic or contact activa-
tion pathway of coagulation (19), and in relation to formation of

bradykinin (20). Proteolytic action of kallikrein on chromogranin
A in vitro was suggested over 20 years ago (21,22), although the
products were not characterized. Processing of other pro-
hormones to active products by kallikrein and Factor XII was
found in a recent GWAS which focused on the generation of
endothelin-1 and adrenomedullin from pre-proendothelin-1
and pre-pro-adrenomedullin (23). Other GWAS have identified
associations between rs4253252 in KLKB1 and serum bradykinin
(24) and renin (25). Plasma kallikrein also plays a role, but in this
case an inactivating one, in the processing of neuropeptide Y
(NPY) (26).

Human catestatin has been defined as CHGA352–372 with the
amino acid sequence SSMKLSFRARAYGFRGPGPQL (amino acids
numbered 370–390 by Uniprot, http://www.uniprot.org/blast/?
about¼5[370-390]&key¼Peptide&id¼PRO_0000432682; date last
accessed December 12, 2016) and measurement of the catestatin
phenotype for our study was by an immunoassay directed
against CHGA361–372 (RAYGFRGPGPQL). The product identified by
mass spectrometry after digestion of full-length CHGA by kalli-
krein was CHGA360–373, A360RAYGFRGPGPQLR373 (Supplementary
Material, Fig. S5). When this fragment was synthesized and
tested in vivo it showed the same pharmacological effects as
CHGA352–372. We therefore suggest that there are different but
overlapping peptides with catestatin activity (CHGA352–372 and
CHGA360–373), produced by the action of different proteolytic
enzymes.

The genome-wide-significant effects of KLKB1 and F12 varia-
tion on formation of peptides from CHGA and CHGB are supple-
mented by evidence that the alleles of rs3733402 (KLKB1
Ser124Asn) associated with higher catestatin concentration are
also associated with lower concentration of CHGA, at least in
the UCSD data.

Thus, KLKB1 seems to be an authentic proteolytic enzyme
for both CHGA and CHGB as substrates. Indeed, the codon 124
Ser allele of KLKB1 occurs in the substrate binding ‘Apple-2’ do-
main of the enzyme, resulting in diminished proteolytic activity
towards its best-characterized substrate, HMWK (15). Likewise,
within the F12 5’-UTR C46T variant, the T-allele is associated
with diminished formation of the functional F12 protein (16).
Here we found that, in each case, the loss-of-function allele was
associated with a lower concentration, and presumably de-
creased formation, of catestatin.

From our results and previous publications, it is clear that ge-
netic variation in KLKB1 and F12 leads to variation in concentra-
tions of catestatin and probably other chromogranin-related
peptides, and also of adrenomedullin, bradykinin, endothelin,
neuropeptide Y and renin. This has possible implications for con-
trol of blood vessels and blood pressure. These two loci do not
show up in published GWAS for blood pressure or hypertension
(27); rs4253311 was non-significant and rs2731672 was not in-
cluded in summary results for systolic and diastolic blood pres-
sure from the International Consortium for Blood Pressure
(downloaded from ftp://ftp.ncbi.nlm.nih.gov/dbgap/studies/
phs000585/analyses/phs000585.pha003588.txt.gz and ftp://ftp.
ncbi.nlm.nih.gov/dbgap/studies/phs000585/analyses/phs000585.
pha003589.txt.gz; date last accessed December 12, 2016). We spec-
ulate that this pathway may have particular relevance for either
systemic or local blood pressure control when clotting processes
are activated, for example after trauma.

Because of the reported protective effects of catestatin
against injury from ischaemia or reperfusion in experimental
animals (7–10), we also checked for associations between the
lead SNPs at the KLKB1 and F12 loci and ischaemic heart disease

Figure 5. Differential control of expression of Chga versus Klkb1 mRNA in the

adrenal gland for two rodent models of human essential (genetic) hypertension:

rat SHR (Spontaneously Hypertensive rat, versus its WKY [Wistar-Kyoto] con-

trol); and mouse BPH (Blood Pressure High, versus its BPL [Blood Pressure Low]

control).

Figure 6. Proposed schema for the effects of functional genetic variation at se-

quential serine proteases F12 (Hageman Factor; 5’-UTR C46T, rs2731672) and

KLKB1 (Fletcher factor; Asn124Ser, rs3733402), on formation of active peptides

by proteolytic cleavage of CHGA or CHGB.

237Human Molecular Genetics, 2017, Vol. 26, No. 1 |

Deleted Text: -
Deleted Text: <sub>-</sub>
Deleted Text: <sub>-</sub>
http://www.uniprot.org/blast/?about&equals;5[370-390]&key&thinsp;&equals;&thinsp;Peptide&id&thinsp;&equals;&thinsp;PRO_0000432682
http://www.uniprot.org/blast/?about&equals;5[370-390]&key&thinsp;&equals;&thinsp;Peptide&id&thinsp;&equals;&thinsp;PRO_0000432682
http://www.uniprot.org/blast/?about&equals;5[370-390]&key&thinsp;&equals;&thinsp;Peptide&id&thinsp;&equals;&thinsp;PRO_0000432682
http://www.uniprot.org/blast/?about&equals;5[370-390]&key&thinsp;&equals;&thinsp;Peptide&id&thinsp;&equals;&thinsp;PRO_0000432682
http://www.uniprot.org/blast/?about&equals;5[370-390]&key&thinsp;&equals;&thinsp;Peptide&id&thinsp;&equals;&thinsp;PRO_0000432682
http://www.uniprot.org/blast/?about&equals;5[370-390]&key&thinsp;&equals;&thinsp;Peptide&id&thinsp;&equals;&thinsp;PRO_0000432682
http://www.uniprot.org/blast/?about&equals;5[370-390]&key&thinsp;&equals;&thinsp;Peptide&id&thinsp;&equals;&thinsp;PRO_0000432682
Deleted Text: <sub>-</sub>
Deleted Text: <sub>-</sub>
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw380/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw380/-/DC1
Deleted Text: <sub>-</sub>
Deleted Text: <sub>-</sub>
Deleted Text: <sub>-</sub>
Deleted Text: ``
Deleted Text: '' 
ftp://ftp.ncbi.nlm.nih.gov/dbgap/studies/phs000585/analyses/phs000585.pha003588.txt.gz
ftp://ftp.ncbi.nlm.nih.gov/dbgap/studies/phs000585/analyses/phs000585.pha003588.txt.gz
ftp://ftp.ncbi.nlm.nih.gov/dbgap/studies/phs000585/analyses/phs000585.pha0035
ftp://ftp.ncbi.nlm.nih.gov/dbgap/studies/phs000585/analyses/phs000585.pha0035
ftp://ftp.ncbi.nlm.nih.gov/dbgap/studies/phs000585/analyses/phs000585.pha0035


in humans. Results from the CARDIoGRAM and C4D consortia
do show some evidence for these loci affecting coronary artery
disease and myocardial infarction. For the CARDIoGRAM data
alone (http://www.cardiogramplusc4d.org/media/cardiogram
plusc4d-consortium/data-downloads/cardiogram_gwas_results.
zip; date last accessed December 12, 2016) P¼ 0.0053 for
rs4253311 (the chromosome 4 KLKB1 locus) and P¼ 0.626 for
rs2731672 (the chromosome 5 F12 locus). For the combined
CARDIoGRAM and C4D data, 1000-Genomes imputation (28),
corresponding P-values were 0.017 and 0.205 for coronary artery
disease and 0.019 and 0.099 for myocardial infarction.
Therefore, there is nominal significance (P< 0.05) for the
rs4253311-coronary artery disease association. The G allele for
rs4253311 is associated with lower risk, and it is associated in
our data with higher plasma catestatin levels, consistent with
catesatin having some protective action in relation to coronary
artery disease. However the KLKB1 gene product has activating
effects on multiple pro-hormones and on the coagulation path-
way, and any effect of this locus on coronary artery disease risk
may not be mediated through conversion of chromogranin A to
catestatin.

Although the kallikrein-Factor XII pathway for conversion of
pre-hormone to active peptides has been demonstrated for sev-
eral systems, it is not necessarily the only one for any of them.
Because of differences in sequence specificity, different proteo-
lytic enzymes will lead to slightly different peptides. For CHGA/
catestatin, the peptide produced by kallikrein is shorter than
the previously recognized fragment but has the same biological
activity. Formation of peptides with catestatin activity by differ-
ent enzymes may have physiological implications, although at
present this is speculative. Previous studies showed substantial
effects of polymorphic variation in KLKB1 and F12 on the activa-
tion of other peptide hormones. Our results show that these are
the major genetic determinants for several granin-derived pep-
tides, including a novel catestatin. The roles of different pre-
hormone-processing enzymes in generating active peptides,
and the potential for functional or pharmacokinetic differences
between peptides produced by different enzymes, may repay
further examination.

In conclusion, our GWAS of CHGA (catestatin)- and CHGB-
related traits discovered a protease cascade, involving F12
(Hageman factor)! KLKB1 (Fletcher factor), as a major determi-
nant of CHGA/CHGB cleavage. This was confirmed by replica-
tion and meta-analysis, microanatomic co-localization of CHGA
and KLKB1 in catecholamine secretory vesicles, and generation
of active catestatin by KLKB1 cleavage of CHGA with sequence
verification. The results document a novel pathway of pro-
hormone cleavage to catestatin, similar to that known for other
pro-hormones and with potential implications for endocrine
and homeostatic pathways.

Materials and Methods
UCSD twin and sibling cohort for GWAS

Twin and sibling participants were recruited from southern
California by access to a population birth record-based twin reg-
istry (29), and by newspaper advertisement, as described previ-
ously (30). The protocol was approved by the University of
California-San Diego (UCSD) Institutional Review Board, and
each subject gave written informed consent. Subjects included

in the data analysis were those who had genotyping and mea-
surement of at least one of the chromogranin peptides, a total
of 545 individuals (144 males, 401 females) from 260 nuclear
families, including 60 DZ and 161 MZ twin pairs. Zygosity of
twins was confirmed by use of microsatellite and SNP markers
(30). Ethnicity was initially established by self-identification, in-
cluding information on the geographic origin of both parents
and all four grandparents, and only individuals of Caucasian
(European-American) or Hispanic (Mexican-American) ances-
try/ethnicity are included here. The age of the subjects ranged
from 14 to 78 years, with a median of 39. Phenotyping (biochem-
ical and physiological) was conducted as previously described
(30).

Australian twin cohort

Study participants were from twin pairs from studies conducted
at QIMR Berghofer Medical Research Institute (QIMR), Brisbane,
Queensland, Australia, and were ascertained and studied as
previously described (14). These studies were approved by the
QIMR Human Research Ethics Committee, and participants gave
informed consent. The samples analysed come from the SSAGA
Blood (31) and Anxiety (32) studies. Chromogranin or
chromogranin-peptide measurements were made on up to 4106
subjects, with genotyping available on 1294 of these (see
Supplementary Material, Table S1 for details).

Biochemical assays

For the UCSD participants, plasma concentrations of circulating
CHGA (measured by immunoassay against epitope
CHGA116–439), and two of its peptides (epitopes CHGA116–130 and
CHGA361–372, catestatin); and three CHGB peptides (epitopes
CHGB312–331, CHGB439–451, CHGB568–577) were quantified by radio-
immunoassay with region-specific peptides and rabbit poly-
clonal antibodies, as previously described (33). For the
Australian twins, only CHGA (epitope CHGA116–439), catestatin
(epitope CHGA361–372,), and one CHGB peptide (epitope
CHGB439–451) were measured.

For UCSD data, phenotypes were transformed to approxi-
mate a normal distribution through the removal of outliers, ex-
clusion of data points more than three standard deviations
from the mean, and/or base-10 log transformation. In the QIMR
data, there were significant batch effects, both between and
within studies, which were identified and adjusted for before
log-transformation of phenotypes with skewed distributions.
Summary statistics for chromogranin and peptide results for
each cohort are given in Supplementary Material, Table S1.

Genotyping, imputation and association analysis

For participants in the San Diego study, genomic DNA was ex-
tracted from leukocytes in EDTA-anticoagulated blood after
Proteinase-K digestion of proteins, by adsorption/elution from
Qiagen columns, as previously described (30). Four hundred
and eighty-one UCSD subjects were genotyped at 592,312 SNPs
using the Illumina 610-Quad genotyping array (Illumina Inc.,
San Diego, CA 92122). For each of 161 MZ twin pairs, only one
individual underwent genotyping, and the genotype informa-
tion was used for both members of an MZ twinship. During
analysis, family structure was accounted for in MERLIN (see
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below). Subjects with>5% missing genotypes were excluded
(N¼ 3). SNPs missing in>5% of subjects (n¼ 2505 SNPs), with
minor allele frequency<0.01 (n¼ 28,851 SNPs), not in Hardy-
Weinberg Equilibrium (n¼ 15), SNPs with>3 Mendelian errors
(n¼ 15), SNPs showing a genotyping ‘plate’ effect (n¼ 1530), or
perfectly correlated with gender (n¼ 5) were excluded, leaving
559,400 SNPs. In addition, subjects’ gender was confirmed
based on X-chromosomal markers, and family structure and
zygosity of DZ pairs was confirmed based on genotypic infor-
mation. Recorded status was corrected where necessary. A to-
tal of 455 subjects’ genotyping passed QC, with the addition of
161 MZ co-twins, resulting in a final dataset comprising 616
subjects genotyped for 559,400 markers, though only 545 of
the genotyped subjects had one or more chromogranin pep-
tide measurements.

To control for additional genetic background heterogeneity
in this predominantly Caucasian cohort we performed a multi-
dimensional scaling analysis using PLINK (34) including all au-
tosomal SNPs. We then included the first MDS dimension,
which corresponded to the Native American admixture of
Hispanic subjects (35,36), as covariate in the association
analysis.

Genotype imputation for additional SNPs was performed us-
ing MACH v. 1.0.16 (http://www.sph.umich.edu/csg/abecasis/
MaCH/; date last accessed December 12, 2016). Phased haplo-
types of 60 unrelated HapMap II CEU founders were used as the
reference data (for autosomes: (CEU_r22_nr.b36_fwd.phased;
http://hapmap.ncbi.nlm.nih.gov/downloads/phasing/2007-08_
rel22/phased/, for X chromosome and the pseudo-autosomal re-
gions PAR1/PAR2: CEU_r21_nr_fwd_phased; http://hapmap.ncbi.
nlm.nih.gov/downloads/phasing/2006-07_phaseII/phased/;
these two URLs can no longer be accessed since June 2016 for se-
curity reasons). Imputations were based on 537,371 genotyped
SNPs in common with the reference data (G-C and A-T SNPs
were excluded). To allow imputation with MACH for the haploid
non-PAR regions of the male X chromosome, the phased haplo-
types were duplicated. A two-step imputation approach was
used: step 1 estimated per SNP error and per interval crossover
rates at 50 iterations from a random sample of 200 genotyped
individuals, while step 2 used these model parameters to assign
allele dosages and genotypes based on a maximum likelihood
approach. A total of 2,072,428 SNPs were imputed, with
2,028,122 high-confidence SNPs remaining after removal of
SNPs with low imputation quality (r2<0.3). Adding SNPs typed
but not used for imputation purposes resulted in a total of
2,587,527 genotyped or imputed SNPs available for association
analyses.

For participants in the Australian Study, genotype data were
derived from several genotyping projects with Illumina 317K,
370K or 610K chips. After quality control of sample and SNP
data, imputation of HapMap2 SNP genotypes was performed us-
ing SNPs common to these platforms; these procedures were as
previously described (37).

Association analysis and meta-analysis

To test SNP on phenotype effects within a family structure,
MERLIN v1.1.2 (http://www.sph.umich.edu/csg/abecasis/merlin/
; date last accessed December 12, 2016) was used. Age, gender,
and the first MDS component (see above) were included as co-
variates. GWAS results for 3 traits that were available in both
San Diego and QIMR cohorts were meta-analysed using Metal

package (38). A standard criterion of P< 5 � 10�8 was used to in-
dicate significant SNP (allelic) effects on traits.

Subcellular co-localization of CHGA and KLKB1 in chro-
maffin cells

PC12 cells (originally derived from a rat adrenal medulla pheo-
chromocytoma) were grown on cover slips, washed with
phosphate-buffered saline (PBS) and fixed with 2.5% parafor-
maldehyde in PBS for 20 min at room temperature. Cells were
then permeabilized with 0.5% Triton X-100 in PBS for 10 min at
room temperature. Cells were blocked using 5% bovine serum
albumin (BSA) in PBS for 30 min followed by primary antibody
incubation with rabbit anti-KLKB1 (1:100, catalogue number bs-
5872R, Bioss) and goat anti CHGA (1:100, Santa Cruz
Biotechnology, Dallas TX 75220) in 2% BSA for 2 h at room tem-
perature. Coverslips were washed 3 times 5 min each and then
incubated with secondary antibody Alexa Fluor 488 donkey anti
rabbit (1:250, Invitrogen, Grand Island NY 14072) and Alexa
Fluor 594 donkey anti goat (1:350, Invitrogen) along with
Hoechst 33342 (1 mg/mL) in 1% BSA for 1 h at room temperature.
Coverslips were washed and mounted on glass slide using
Slowfade-antifade (Molecular Probes, Thermo Fisher Scientific,
Waltham MA 02451). Images were acquired on a Delta Vision
deconvolution microscope and SoftWorx software (Applied
Precision, Issaquah, WA 98027), using 60x objective as described
previously (39,40).

KLKB1 proteolytic cleavage of CHGA

Activated human KLKB1, purified from human plasma to�95%
homogeneity (by SDS-PAGE), was purchased from Calbiochem
(#420307; Merck, Darmstadt, Germany), at a specific activity
of�15 units/mg protein, and stored at -20�C. Recombinant hu-
man CHGA (minus the 18-amino acid signal peptide sequence;
with a carboxy-terminal 6-His tag) was expressed in E. coli, iso-
lated, and purified to homogeneity on SDS-polyacrylamide gel
electrophoresis (by Ni-NTA affinity chromatography followed
by concentration over a Microcon YM-30 centrifugal filter with
molecular weight cutoff>30 kDa (Amicon/Millipore; Merck,
Darmstadt, Germany)) as previously described (41). Human
CHGA (10 mM substrate) was digested with human KLKB1 (0.2
mM enzyme) for 15 min at 37 �C in 10 mM Tris pH8, 150 mM NaCl;
the reaction was terminated with aprotinin (2.5 mM;
Calbiochem). The peptide fragments were purified by adsorp-
tion/elution on a 10 mL ZipTip C-18 resin (Millipore), and were
analyzed on a 4800 MALDI TOF/TOF mass spectrometer
(Applied Biosystems, Foster City CA 94404) with CID (collision
induced dissociation) yielding amino acid sequence, interpreted
by Mascot-2.1 software (Matrix Science Inc, Boston MA 02110),
as described before (42).

Functional secretory properties of catestatin generated
by KLKB1 digestion of CHGA

Human catestatin peptides were synthesized by the solid-phase
F-moc method, then purified by reverse phase HPLC, with docu-
mentation by electrospray mass spectrometry as well as repeat
HPLC. Catecholamine secretory studies were accomplished in
rat PC12 chromaffin cells, with cellular catecholamine stores
pre-labelled by uptake of [3H]-L-norepinephrine (PerkinElmer

239Human Molecular Genetics, 2017, Vol. 26, No. 1 |

Deleted Text: ``
Deleted Text: '' 
http://www.sph.umich.edu/csg/abecasis/MaCH/
http://www.sph.umich.edu/csg/abecasis/MaCH/
http://hapmap.ncbi.nlm.nih.gov/downloads/phasing/
http://-08_rel22/phased/
http://-08_rel22/phased/
http://hapmap.ncbi.nlm.nih.gov/downloads/phasing/2006-07_phaseII/phased/
http://hapmap.ncbi.nlm.nih.gov/downloads/phasing/2006-07_phaseII/phased/
http://www.sph.umich.edu/csg/abecasis/merlin/
Deleted Text: x
Deleted Text: &thinsp;<sup>&minus;</sup>&thinsp;
Deleted Text: <italic>i</italic>
Deleted Text: r
Deleted Text: r 


Life Sciences, Waltham, MA 02451), and secretion triggered by
stimulation of either the nicotinic cholinergic pathway (nico-
tine, 60 mM) or membrane depolarization (55 mM KCl), as previ-
ously described (17,42). Peptides were tested over a range of
concentrations (typically from 0.1 to 10 mM) for their ability to
antagonize the secretory stimuli on PC12 cells. The cells were
treated with nicotine (60 mM) or membrane depolarizer KCl
(55 mM) in secretion buffer either alone or in combination with
three ascending doses (0.1, 1 and 10 mM) of synthetic peptide 1
(full-length catestatin, SSMKLSFRARAYGFRGPGPQL,
hCgA352–372) or peptide 2 (ARAYGFRGPGPQLR hCgA360–373). The
release medium and the cell lysates were assayed for [3H]-nor-
epinephrine by liquid scintillation counting. Results were ex-
pressed as percent secretion: [amount released/(amount
releasedþamount in lysate)] � 100. Net secretion was calcu-
lated as agonist-stimulated release minus basal release.

Gene expression

Measurements of expression of Chga, Klkb1, and F12 mRNAs in
the adrenal glands of rodents with hereditary models of human
hypertension (mouse BPH/BPL model, rat SHR/WKY model)
were undertaken as previously described (43,44).

Supplementary Material
Supplementary Material is available at HMG online.
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